Introduction
Osteosarcoma is one of the most common primary non-hematologic bone tumors present in both children and adults. The etiology of most cases of osteosarcoma is unknown although a genetic predisposition is suspected. Most osteosarcomas are diagnosed before the age of 20, where the pathology is likely distinct from osteosarcoma diagnosed over the age of 60, which is associated with bone diseases such as Paget disease or Rothmund-Thomson syndrome. Although rare, osteosarcoma is a complication in survivors of childhood cancers treated with radiation therapy. Tumors from patients diagnosed early in life are reported to have a broad range of genetic and molecular factors that are potential targets in disease formation. However, RB1 and/or TP53 mutations are consistently detected in the majority of osteosarcomas. This chapter will focus on understanding the potential links between disruption of genetic components in osteogenic differentiation and osteosarcoma.
Osteosarcoma is the most frequent primary bone tumor, but is relatively rare with less than 900 new cases diagnosed each year in the United States (Sandberg and Bridge, 2003) . There is considerable diversity in histologic features and grade, but osteosarcoma is defined as a malignant tumor of mesodermal origin, where tumor cells produce bone or osteoid (Schajowicz et al., 1995) . There are two peaks of occurrence for osteosarcoma. The first peak is during adolescence, when approximately 70% of osteosarcomas are diagnosed (Hauben et al., 2003) , but the disease is rarely diagnosed before the age of five. The second peak, accounting for approximately 10% of osteosarcomas, is observed in patients over the age of 60, and is associated with individuals with underlying non-cancerous bone diseases such as Paget, Werner or Rothmund-Thomson Syndrome or in patients previously exposed to radiation therapy (McNairn et al., 2001; Wang et al., 2001; Nellissery et al., 1998; Lindor et al., 2000; Picci, 2007; Paulino and Fowler, 2005) .
Although osteosarcoma can develop in any part of the skeleton, in younger patients, areas of rapid bone growth such as the lower long bones have a higher frequency of occurrence (Mirabello et al., 2009) . Osteosarcoma in the mandible or skull is more frequently seen in patients diagnosed after the 6 th decade of life (Caron et al., 1971) and is often a secondary lesion (Longhi et al., 2008) . Irrespective of age, approximately 80% of patients have either detectable metastasis, primarily to the lung, or sub-clinical micro-metastasis (Kaste et al., 1999) . The disease is seen globally and more frequently in males compared to females (Stiller et al., 2006) , but is observed earlier in females correlating to growth spurts. Osteosarcoma diagnosed during the first two decades of life is often poorly differentiated, and cells from these tumors www.intechopen.com have characteristics of early osteoprogenitor or mesenchymal progenitor cells (Dahlin, 1988; Huvos, 1993; Hopyan et al., 1999; Klein and Siegal, 2006) . Correlations between early markers of osteogenesis in conventional osteosarcoma with periods of rapid cell division infer that the disease may be associated with defects in osteoblast differentiation.
Most osteosarcomas are de novo, but inherited predispositions for osteosarcoma have provided insight into possible genetic factors associated with the disease. Mouse models and in vitro studies have proven to be powerful tools in elucidating molecular mechanisms and the genetic pathology of osteosarcoma. Interestingly only RB1 and/or TP53 mutations are consistently detected in the majority of human osteosarcomas despite a broad range of reported factors associated with the disease. Presented here are some of the genetic aspects of osteosarcoma with a focus on the tumor suppressor protein, pRB, in tumor formation and metastasis.
The retinoblastoma tumor suppressor and osteosarcoma
Loss of RB1 was the first genetic predisposition associated with osteosarcoma development. The predominant tumor types seen in patients with a germline mutation in the RB1 gene are retinoblastoma, osteosarcoma and rarely small cell lung, bladder and breast carcinomas (Gurney et al., 1995) . This suggests that tumors exhibiting the highest frequency of pRb loss, such as osteosarcoma, may require pRb function in multiple cell cycle exit programs and differentiation. Children with hereditary retinoblastoma have a 69-fold increased risk of osteosarcoma. Previous radiation treatment to the primary tumor site increases the risk of osteosarcoma by 406-fold (Mohney et al., 1998; Savage and Mirabello, 2011; Kitchin and Ellsworth, 1974; Gonzalez-Vasconcellos et al., 2011) . Although heterozygous loss of RB1 predisposes to tumor formation, RB1 loss is also consistently observed in 60% of sporadic osteosarcomas (Friend et al., 1986; Hansen, 1991; Wadayama et al., 1994) and loss of RB1 heterozygosity is associated with poor patient prognosis (Marina et al., 2004; Tang et al., 2008) .
The retinoblastoma protein, pRb, is part of a regulatory pathway that is targeted in most human cancers Weinberg, 1994 Mulligan and Jacks, 1998 . pRb functions in every cell type to control the exit from G1 by regulating the E2F family of transcription factors. This process is facilitated by the recruitment of histone deacetylase enzymes (HDACs), SWI/SNF and histone methyltransferases at the promoter of cell cycle genes (Alland et al., 1997; Hassig et al., 1997; Grunstein, 1997; Luo et al., 1998) to repress E2F family member activity and prevent S-phase progression. This repression promotes cell cycle exit during differentiation and senescence programs (Alexander and Hinds, 2001; Chen et al., 1996; Schneider et al., 1994; Sellers et al., 1998; Tiemann and Hinds, 1998) . Regulation of pRb and thus cell cycle progression from G1 to S begins with mitogenic signals that induce activation of cell-cycle dependent kinase complexes Cdk4/Cdk6-cyclin D and Cdk2-cyclin E (Hinds et al., 1992; Kato et al., 1993; Hatakeyama et al., 1994; Sherr and Roberts, 1999; Takaki et al., 2005) . These complexes phosphorylate pRb on multiple serine and threonine residues. When pRb is sufficiently hyperphosphorylated, repression of E2F is released and transcription of genes important in S-phase progression occurs (Buchkovich et al., 1989; Sherr, 1996; Dyson, 1998; Trimarchi and Lees, 2002; Bracken et al., 2004) . Mechanisms that police premature entry into S phase focus on inhibition of the cyclin-Cdk complexes. These inhibitors include members of the INK4 family (p15 INK4b , p16 INK4a , p18 INK4c and p19 INK4d ), which specifically interact with Cdk4/6 and impair interaction with D-type cyclins, and CIP/KIP (p21 CIP1 , p27 KIP1 and p57 KIP2 ) family members, that act on cyclin/CDK by forming a ternary complex (Shapiro et al., 1995; Sherr, 1996; Stiegler et al., 1998) . Mutation of genes encoding members of the www.intechopen.com retinoblastoma pathway is associated with osteosarcoma, although with far less frequency than mutation of RB1 itself.
Studies have shown that inactivation of CDKN2A, the gene encoding p16 INK4a , is observed in osteosarcomas (Miller et al., 1996; Benassi et al., 1999) and loss of p27 KIP1 expression has been correlated with high-grade osteosarcomas (Thomas et al., 2004) . p15 INK4b loss has been reported in osteosarcomas at a low frequency, and animals mutant for this gene develop osteosarcoma at low penetrance (Miller et al., 1996; Sharpless et al., 2001; Krimpenfort et al., 2007) . Of note, increased expression of CDK4 is associated mainly with low-grade osteosarcomas (Dujardin et al., 2011) .
Early in vivo evidence of pRb's involvement in osteosarcoma was observed in transgenic mice that expressed SV40 large T-antigen (Knowles et al., 1990) . pRb can be inactivated by viral oncoproteins such as human adenovirus E1A, SV40 large T antigen, and the E7 protein of human papillomavirus type-16 (Whyte et al., 1988; DeCaprio et al., 1988; Dyson et al., 1989) . By binding to pRb, the viral proteins interfere with its normal function, thus mimicking the loss of pRb (Stabel et al., 1985; Harlow et al., 1986; Lee et al., 1987; Whyte et al., 1988; DeCaprio et al., 1988; Munger et al., 1989; Vousden and Jat, 1989; Dyson et al., 1989) . These animals developed metastatic osteosarcoma at about 15 months of age.
A paradox is that targeted disruption of one allele of RB1 in mice does not lead to cancer. In addition, studies of conditional RB1 knockout mice have shown that loss of RB1 in mouse photoreceptor cells does not result in retinoblastoma or any other phenotypic changes in these cells (Vooijs et al., 2002) . Instead, mice that are heterozygous for RB1 show an increased predisposition to pituitary and thyroid tumors within one year of age, which are associated with a loss of heterozygosity at the RB1 locus (Jacks et al., 1992; Williams et al., 1994) . Often tumor formation in mouse models requires the loss of p107 or p130, pRb related pocket protein family members, which may account for the phenotypes seen in RB1 -/-animals (Dannenberg et al., 2004) . Contrary to osteosarcoma seen in humans, where only the loss of RB1 appears to be required for tumor formation. RB1 -/+ ; p107 -/-or RB1 -/+ ;p130 -/-animals do develop retinoblastoma and osteosarcoma mimicking the loss of RB1 in humans (Dannenberg et al., 2004) . Neither p107 -/-nor p130 -/-mutant mouse strains have apparent phenotypes (Cobrinik et al., 1992; Lee et al., 1996) . Additional mouse models of osteosarcoma include animals with the loss of both RB1 and Trp53.
A significant proportion of osteosarcomas have mutations in p53, thus identifying p53 loss as a predisposition to the disease. p53 mutations were initially observed in sporadic osteosarcoma, and then discovered in approximately 3% of patients diagnosed with LiFraumeni syndrome, an autosomal dominant disorder characterized by a germline mutation of TP53 (Li and Fraumeni, 1969; Hisada et al., 1998; Porter et al., 1992; Upton et al., 2009 ). Mice bearing germline disruption of Trp53 (which encodes p53 in mice) develop a wide variety of tumors, including osteosarcoma, which is observed in up to 32% of heterozygous Trp53 mutant animals (Harvey et al., 1993; Olive et al., 2004) . Significantly, when Trp53 is deleted from RB1 heterozygous mice, the animals develop retinal dysplasia (Morgenbesser et al., 1994) . Work from two separate groups generated an animal model with conditional targeted mutations in the bone of both RB1 and Trp53. The combined loss of both tumor suppressors greatly enhances the formation of osteosarcomas and additional neoplasms not observed to be associated with the loss of RB1 in humans such as rhabdomyosarcoma, neuroendocrine tumors and hibernomas (Berman et al., 2008; Walkley et al., 2008) . This indicates that loss of p53 could be a rate-limiting event in the initiation of this tumor in mice www.intechopen.com in the context of germline RB1 mutations, but not in humans. Although the loss of p53 or variants of p53 are observed in 22% of osteosarcomas, these occurrences have yet to consistently correlate with disease stage or prognosis (Wunder et al., 2005; Ta et al., 2009 ). Tumor cells from both human and mouse osteosarcomas have characteristics of early osteoprogenitor and arguably mesenchymal progenitor cells. These cells are multipotent, have some self-renewal capacity, and often lack late markers of osteogenesis. This absence of differentiation and progenitor-like phenotype in conventional osteosarcoma suggests that disruption of osteoblast differentiation may be a critical event in tumor formation.
Osteogenesis
The transition from mesenchymal stem cell to osteoprogenitor and preosteoblast requires activation of the transcription factor Runx2 (AML3; Osf2; Cbfa1; PEBP2aA; Pebp2a1). Runx2 (runt-related transcription factor 2) is a transcription factor that belongs to the Runx family (Komori, 2002) and acquires DNA binding activity by heterodimerizing with Cbf (Kundu et al., 2002; Miller et al., 2002; Yoshida et al., 2002) . Runx2 -/-mice lack bone formation due to the absence of osteoblast differentiation, and die just after birth (Komori et al., 1997; Otto et al., 1997) . Runx2 is found to be restricted to the mesenchymal condensations that form bone (Ducy et al., 1997) . Thus, Runx2 is termed the master regulator/platform protein of osteoblast differentiation and is essential to bone formation. In rare cases, RUNX2 amplification is observed in osteosarcoma, but Runx2 function in tumorigenesis has yet to be identified. Preliminary reports suggest that an increased level of Runx2 is associated with chemoresistance (Kurek et al., 2010; Longhi et al., 2006) and that high expression of Runx2 may be related to metastasis in osteosarcoma (Won et al., 2009) . However, other studies suggest that Runx2 function may be impaired during the process of osteosarcomagenesis, despite its elevated expression in these tumors (Thomas et al., 2004) .
Early evidence for a role for pRb in osteogenesis came from the discovery that osteoblast differentiation can be inhibited in cells by the viral oncoproteins SV40 large T antigen and E1A, which specifically target the pocket proteins (Feuerbach et al., 1997) . These studies showed that osteoblasts immortalized by temperature sensitive SV40 large T antigen targeting pRb demonstrate reduced expression of late markers of differentiation. This process can be reversed by deactivation of the viral oncoproteins (Feuerbach et al., 1997) . The reintroduction of a pRb variant (R661W), discovered in a patient tumor sample that lacks canonical E2F binding capacity, is capable of arresting and differentiating osteosarcoma cells (SAOS2) (Sellers et al., 1998) . Thus, the ability of pRb to promote osteoblast differentiation may be separable from its role as a regulator of the E2F family of transcription factors. These observations established a clear connection between pRb and osteogenesis. pRb has been shown to directly bind to Runx2 in osteoblasts. The pRb-Runx2 complex can localize to the promoter of a late bone specific marker, osteocalcin, and promote transcriptional activity. In the absence of pRb, expression of osteocalcin is significantly reduced. The pRb-Runx2 complex also involves the transcription factor HES1. This process appears to be specific to pRb and not the other pocket protein family members, p107 and p130 (Thomas et al., 2001; Lee et al., 2006) . In osteosarcoma cell lines, pRb was shown to be necessary for displacement of RBP2 (KDM5A/JARID1A), a histone demethylase, from the osteocalcin promoter to relieve repression (Benevolenskaya et al., 2005) . Thus, pRb is required for the transcriptional activation of the osteocalcin promoter and in removing repressive components late in differentiation. Increasing evidence suggests that pRb may also be important in early osteogenesis and osteoblast lineage commitment (Figure 1 These complexes phosphorylate pRb and other substrates important for cell cycle progression. Cyclin D-cdk4/6 phosphorylates pRb early in G1, while cyclin E-cdk2 phosphorylates the protein near the end of G1, and cyclin A-cdk2 maintains phosphorylation of pRb during S phase. When pRb is sufficiently hyperphosphorylated, E2F is released and transcription of genes important in S-phase progression occurs. Mechanisms that police premature entry into S phase focus on inhibition of the cyclin-Cdk complexes. These inhibitors include members of the INK4 family (p15, p16, p18 and p19), which specifically interact with Cdk4/6 and impair interaction with D-type cyclins, and CIP/KIP (p21, p27 and p57) family members, that act on cyclin-Cdk complexes. p27 also stimulates the formation of cyclin D-Cdk4/6 complexes, which titrates it away from inhibiting cyclin ECdk2 complexes. This seemingly contradictory process permits further phosphorylation of pRb. B) During the development of intramembranous bones, Runx2 is strongly detected in preosteoblasts, immature osteoblasts, and early mature osteoblasts. Increased expression of osterix (Osx) and alkaline phosphatase (ALP) is detected in the transition between preosteoblasts to immature osteoblasts. Osteoblasts express high levels of osteocalcin (OC), which is transcriptionally regulated by the pRb-HES1-Runx2 complex.
Gene expression profiles of different stages in osteogenesis suggest that increased expression of ALP is seen early in osteoprogenitors (Narisawa et al., 1997; Komori, 2005) . Recent work showed that pRb is required to recruit BRG1, an activating SWI/SNF chromatin-remodeling complex, to the alkaline phosphatase promoter (Flowers et al., 2010) . Unlike the osteocalcin system, pRb does not appear to be required for removal of suppressive proteins. Thus in the absence of pRb, progression both at early and late stages of differentiation may be disrupted. Moreover, mouse embryos conditionally deleted for pRb display defects in bone ossification in part due to an increased progenitor population (Gutierrez et al., 2008) . Recent work has suggested that pRb may be important in progenitor cell fate between bone and adipose tissue (Calo et al., 2010) . Together, these data imply an important role for pRb in promoting tissue-specific differentiation and early lineage commitment. Recently the hedgehog and the Wnt/beta-catenin pathways have been shown to be important in osteoblast differentiation and are associated with osteosarcoma. The hedgehog signaling pathway is crucial for proliferation, cell fate and differentiation during embryonic development (McMahon et al., 2003) . This pathway functions through several components including the transmembrane proteins PATCHED (PTCH1) and SMOOTHENED (SMO) to activate the GLI zinc-finger transcription factors (Ingham and McMahon, 2001; Ruiz i Altaba et al., 2002) . Evidence of hedgehog pathway activation early in tumor development has been reported in basal cell carcinomas and medulloblastoma (Gupta et al., 2010) , but the role of this pathway in osteosarcoma is not clear. The first association between Ihh and Runx2 came with the finding that Runx2 can directly bind to the promoter of Ihh and induce promoter activity (Yoshida et al., 2004) . Further, Ihh expression is significantly reduced in Runx2 -/-animals, which are devoid of any osteoblast formation. Work done in C3H10T1/2 mouse embryonic fibroblasts showed that Ihh regulates osteoblast differentiation of mesenchymal cells through up-regulation of the expression and function of Runx2 by Gli2 (Shimoyama et al., 2007) . This suggests a possible feed-forward loop between hedgehog signaling and Runx2 expression early in lineage commitment.
Studies of conditional Ihh -/-mice showed that Ihh is required for epithelial stem cell proliferation and differentiation in the gut (Ramalho-Santos et al., 2000; Mao et al., 2010) .
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Additional work in the intestinal epithelium showed conditional RB1 -/-animals have an increased proliferation of enteroendocrine, differentiated cells (Yang and Hinds, 2007) and elevated levels of Ihh expression. Recent in vitro data suggests that in some osteosarcoma cell lines the hedgehog pathway is overexpressed and that inactivation of SMO may prevent tumor cell growth (Hirotsu et al., 2010) . Thus it is possible that pRb and Runx2 may complex to regulate hedgehog signaling early in osteoblast differentiation, but this has yet to be established.
Aberrations in the Wnt/Beta-catenin signaling pathway, important in osteoblast differentiation, have been associated with osteosarcoma (Haydon et al., 2002; Iwaya et al., 2003) . The canonical Wnt pathway involves binding of the Wnt glycoprotein to the transmembrane Frizzled receptor and LRP5/6 co-receptors. Ligand-receptor binding prevents downstream phosphorylation of beta-catenin, allowing it to translocate to the nucleus and activate downstream genes that mediate cell proliferation and differentiation [Reviewed in Luo et al., 2007] . Members of the Wnt pathway are expressed in early osteoprogenitors (Luo et al., 2007; Glass and Karsenty, 2007) . Increased nuclear localization of beta-catenin and atypical localization of adherens junction proteins, such as cadherins, are detected in osteosarcoma and correlate with metastasis (Iwaya et al., 2003; Kashima et al., 1999; Park et al., 2006; Hunter, 2004) . Cadherins mediate cell-to-cell attachments, and osteoprogenitor cells express cadherins that stimulate differentiation into mature osteoblasts (Cheng et al., 2000; Hynes and Lander, 1992; Hay et al., 2000; Stains and Civitelli, 2005 ). An important component of adherens junction complexes includes the RhoA GTPases, Rac1 and RhoA. High Rac1 expression suppresses RhoA, which prevents merlin activation and cadherin, beta-catenin junction assembly. Recent work has shown that pRb is important in repressing Rac1, and thus regulates the assembly of adherens junctions for cell adhesion (Sosa-Garcia et al., 2010) . Therefore the loss of RB1 may not only disrupt cell cycle regulation and lineage commitment, but also cell-cell interactions that may lead to metastasis in osteosarcoma.
Other genetic factors in osteosarcoma
Although LOH of RB1 is strongly associated with osteosarcoma and may be responsible for several important phenotypes as discussed above, pRB loss manifests these properties in the context of many other genetic and epigenetic alterations. Allelic amplification and/or loss at many chromosomal sites have been reported in as many as 70% of all osteosarcomas (Yamaguchi et al., 1992; Kruzelock et al., 1997; Sandberg and Bridge, 2003) . This implies other potential genes involved in osteosarcoma development and progression. Overexpression of oncogenes such as c-MYC and HER2/neu (c-erbB-2) have been reported in osteosarcoma and have been associated with early pulmonary metastases (Barrios et al., 1993; Ladanyi et al., 1993; Onda et al., 1996; Gorlick et al., 1999; Zhou et al., 2003) . In rare cases telomerase activity has been reported in osteosarcoma and may also be associated with pulmonary metastases (Scheel et al., 2001 ). In addition, amplification of MDM2, a suppressor of p53, is related to progression and metastasis of osteosarcoma (Ladanyi et al., 1993) . These and other genetic mutations aside from pRb and p53 may be key to the properties of discrete forms of osteosarcoma.
Patients with bone diseases such as Rothmund-Thomson or Werner syndrome, which are associated with RECQ helicases, important for double strand break repair, are predisposed www.intechopen.com to developing osteosarcoma (Wang et al., 2003; Hickson, 2003; Chu and Hickson, 2009) . About a third of the patients diagnosed with these bone diseases will develop osteosarcoma. Recently, a possibly RB1-independent mouse model for spontaneous osteosarcoma was reported that involves the transcription factor Twist and the APC complex in Wnt signaling (Entz-Werle et al., 2010) . Twist and APC loss have been reported in several cases of human osteosarcoma where the loss of Twist and APC are associated with a poor patient prognosis (Entz-Werle et al., 2007) . Neither Twist nor APC loss alone in murine models results in development of osteosarcoma, but in vitro assays suggest that Twist and APC/Betacatenin/GSK complex coordinate to activate Runx2 expression (Entz-Werle et al., 2010; Stein et al., 2004) . The molecular mechanism associated with these factors remains unclear as the heterogeneity of the tumors compounded with the rare occurrence of the disease hinders a clear definition for the pathology of osteosarcoma.
Conclusion
Functional heterogeneity is a widely recognized trait of osteosarcoma tumor cells. Osteosarcoma is a broad terminology for a tumor that arises from bone and consists of dozens of sub-classes. While the full etiological spectrum of the disease remains unclear due to its rare occurrence, various reports suggest environmental factors, bone syndromes that predispose a patient to osteosarcoma, signaling pathways and multiple genetic factors may be involved in tumor formation. Although environmental factors such as radiation therapy and bone disorders such as Paget and Rothmund-Thomas syndrome may help explain some occurrences of osteosarcoma later in life, it does not account for patients diagnosed with the disease before the age of 25. Studies of germline mutations, such as those in RB1, that predispose individuals to osteosarcoma may provide clues to the molecular pathology of the disease. Emerging evidence suggests osteosarcoma is a disease of differentiation caused by genetic changes that disrupt lineage progression (Haydon et al., 2007) .
Growing in vivo and in vitro data reveal an increasingly complex role for pRb both in early and late osteoblast differentiation, and possibly in cell fate and metastasis (Calo et al., 2010; Gutierrez et al., 2008; Sosa-Garcia et al., 2010) . Loss of RB1 at different stages of lineage commitment could account for the various phenotypes observed in sporadic osteosarcomas. The progenitor phenotype observed in conventional osteosarcomas raises the question of whether committed osteoblasts "back up" following the loss of RB1 to display properties of progenitor cells and/or whether the loss of RB1 predominantly acts to delay the progression of multipotent progenitors. An increased population of progenitor-like cells that are delayed in differentiation would then be susceptible to additional transforming events (Figure 2 ). Although the loss or mutation of p53 is reported in some osteosarcomas (Papachristou and Papavassiliou, 2007 ) the question remains if p53 is essential in initiation or strictly in tumor progression. Increased understanding of the retinoblastoma gene and protein in osteogenesis presents a more complex role of this tumor suppressor as a target in tumorigenesis. Through an understanding of the molecular mechanism underlying osteogenic differentiation, we may begin to unravel the molecular pathogenesis of human osteosarcoma and identify possible co-activators or repressors that may become key targets for treating the disease.
www.intechopen.com The presence of only early markers of osteoblast differentiation in osteosarcoma with periods of rapid cell division infer that the disease may be associated with genetic defects in osteoblast differentiation. Loss of RB1 early in differentiation may result in an increased progenitor-like population that is conceivably susceptible to transforming events that may result in poorly differentiated and aggressive osteosarcoma. Genetic alterations at different stages of differentiation may be one explanation for the heterogeneity of the disease. It is unclear if genetic defects and transforming events late in differentiation generate a situation where committed osteoblasts can "back up" to display the progenitor-like phenotype observed in aggressive osteosarcomas.
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